In this Brief Report, we report on the observation of a giant positive ͑inverse͒ magnetic entropy change ͑about 28.6 J K −1 kg −1 at 5 T magnetic field͒ below 300 K and a modest negative ͑normal͒ entropy change ͑about 6.6 J K −1 kg −1 at 5 T͒ above 300 K in a Ni 50 Mn 33.13 In 13.90 single crystal. This temperature-dependent entropy change may suggest that both the magnetizing and demagnetizing processes can be employed for cooling.
INTRODUCTION
In the last two decades, magnetic refrigeration has been demonstrated as a very promising alternative technology, near room temperature, to conventional gas-compression refrigerators because of its unique advantages, such as being environmentally friendly and highly efficient. [1] [2] [3] However, this technology has not been commercialized yet because inexpensive and large magnetocaloric effect ͑MCE͒ materials have not been developed, although some giant MCE materials have been discovered in the last decade. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] It is well known that changes in magnetic entropy are largest near the Curie temperature for a simple ferromagnet due to the fact that ordering of the magnetic spins induced by a magnetic field is the most efficient near the Curie temperature. It has also been accepted that the field-induced, firstorder phase transition in magnetic materials, such as the antiferromagnetic to ferromagnetic transition in FeRh alloys 15 and paramagnetic to ferromagnetic transitions, 4 can also give rise to a giant magnetic entropy change. Typically, the giant MCE observed in different systems is closely connected to the field-induced, first-order phase transition. For example, in LaFeSi alloys, the shift of the paramagnetic to ferromagnetic phase transition to higher temperature in magnetic fields leads to a giant MCE. 2, [10] [11] [12] Due to the field-induced, first-order phase transition, giant MCE materials generally exhibit metamagnetism and significant hysteresis loops, which may lead to energy loss and consequently to refrigerant capacity ͑RC͒ reductions. 7 In giant MCE materials, when the applied magnetic field is increased, the magnetic entropy is lowered, i.e., there is a negative entropy change, ⌬S m Ͻ 0. Very recently, a giant "positive" or "inverse" ⌬S m about 18 J K −1 kg −1 for a field change of 5 T at 300 K was observed in a Ni 50 Mn 37 Sn 13 compound, a ferromagnetic shape memory alloy ͑FSMA͒. This entropy change was ascribed to a first-order martensitic transformation. 16 Above 300 K, the sign of ⌬S m changes and its magnitude reduces greatly ͑Ͻ4 J K −1 kg −1 ͒. The positive ⌬S m indicates that there is a temperature decrease upon application of an external field. Later, the inverse ⌬S m was reported by another group in MniMnSn ͑Ref. 17͒ and NiMnIn ͑Ref. 18͒ compounds. Actually, inverse ⌬S m should be a commonly expected phenomenon, when a field-induced phase transition shifts the transition from a high-temperature, high-magnetization phase to a low-temperature, low-magnetization phase to lower temperature. This has been observed previously in other materials, [19] [20] [21] [22] but the size of the inverse ⌬S m is quite small. Ni 50 Mn 50−x M x ͑M = In, Sn, Sb͒ alloys are FSMA with sharp martensitic transformations and their transformation temperatures strongly depend on the alloy's composition, i.e., the value of x. 23 The magnetocaloric effect in these alloys, particularly alloys with martensitic transformation temperatures very near the Curie temperatures, which are expected to display a very large entropy change, is very interesting. In this Brief Report, we report on the observation of a giant positive ͑inverse͒ magnetic entropy change of about 28.6 J K −1 kg −1 below 315 K, followed by a modest, negative ͑normal͒ entropy change of about 6.6 J K −1 kg −1 above 315 K with an external field increase from 0 to 5 T ͑⌬H =5 T͒ in a Ni 50 Mn 33. 13 In 13.90 single crystal. This characteristic of the temperature dependence of the entropy changes may suggest that both the magnetizing and demagnetizing processes can be employed for cooling.
EXPERIMENT
In order to obtain a material with its martensitic transformation temperature near room temperature, the composition of the material was modified from the stoichiometric Heusler alloy. High quality single crystals of Ni 50 Mn 50−x In x were grown at a rate of 5 -30 mm/ h using a Czochralski instrument with a cold crucible system. The starting material was prepared from Ni, Mn, and In with purity of 99.95%. The structure of single crystal was determined by x-ray diffraction performed on a Rigaku D/Max 2400 using the Cu K␣ irradiation at room temperature and 93 K. It reveals that the high-temperature phase is L21-type ordered structure for this off-stoichiometric compound with the lattice parameter of 6.006 Å. Cooling to 93 K, the crystal structure changes to orthorhombic structure with a rather complex martensitic modulated substructure. The magnetic properties of these crystals were measured using a Quantum Design superconducting quantum interference device magnetometer ͑5 -390 K, with maximum field of 5 T͒ and a Quantum Design physical property measurement system ͑PPMS͒ ͑10-330 K, with maximum field of 9 T͒. The heat capacity of the crystal was measured using the same Quantum Design PPMS.
RESULTS AND DISCUSSIONS
All of the crystals exhibit sharp martensitic transformations from ferromagnetic austenite to ferrimagnetic or paramagnetic martensite, and their transformation temperatures depended critically on the composition. 22 Magnetic and electrical measurements revealed that all of them had a Curie temperature of about 315 K, although their martensitic transformation temperature increased from 150 to 350 K as x changes from 16.3 to 14. 22, 24 The field-induced phase transition that shifts the martensitic transformation to a lower temperature was observed in all the crystals. 22 Due to the fieldinduced phase transition, positive entropy changes ͑⌬S m Ͼ 0͒ are observed. The NiMnIn crystal with x = 14.7 showed a martensitic transition at 310 K, very near its Curie temperature. We report the results obtained from this crystal. Figure 1 shows the temperature-dependent magnetization curves measured during the cooling and warming processes with different magnetic fields, H = 1, 5, and 9 T. It is clear that the magnetic nature of the crystal varies with temperature. The abrupt changes in magnetization at around 300 K with varying temperature show a clear thermal hysteretic behavior, strongly indicating a martensitic transition. The much lower magnetization of the martensite suggests a very weak magnetic phase. 25 The decrease of magnetization with temperature above the peaks can also be fitted by the CuriesWeiss law, M͑T͒ = C / ͑T − T 0 ͒, perfectly with T 0 = 315.04 K. The Curie temperature of ferromagnetic austenite is about 315 K, which was also deduced from both the H / M vs M 2 plots of the isothermals. To confirm the martensitic transformation, we carried out a heat capacity measurement from 3 to 350 K as the temperature increased in a zero magnetic field, as shown in the inset of Fig. 1 . We observed a narrow, sharp peak in the heat capacity at 310 K, which indicates a first-order phase transition. The sharp peak is in agreement with the results reported by Sutou et al. 23 that the transformation from the martensite to austenite phase is an endothermic process.
The most intriguing feature in Fig. 1 is that the martensitic transformation ͑the weak-magnetic to ferromagnetic transformation͒ can be shifted by magnetic field, e.g., it was shifted downward about 16 K with the 9 T magnetic field. A large entropy change should therefore be expected. The relatively large shift of the transformation temperature is due to the large magnetization difference, ⌬M, between the two phases, e.g., the ⌬M is larger than 60 emu/ g ͑at 9 T͒. This transformation is strikingly different from what is observed in other giant MCE materials such as GdGeSi alloys 4,5 and other giant MCE alloys, [8] [9] [10] [11] [12] [13] [14] [15] where the field-induced phase transition shifts the transformation temperature to a high temperature and gives rise to a giant negative magnetic entropy change. Here, we observe a positive magnetic entropy change in this material as also observed in this family. 16, 18 To obtain the entropy change, we have measured the isothermal magnetization in the temperature range of 5 -390 K. Shown in Fig. 2 are the representative isothermals near the martensitic transition. The interesting feature in Fig. 2 is the sharp changes in the magnetization at the different critical fields in both the magnetizing and demagnetizing processes. These critical fields strongly depend on the temperature at which the isothermals were measured. These features strongly suggest the metamagnetic nature of the material. The magnetic entropy change was then calculated from the isothermal data. Based on the Maxwell relations, the magnetic entropy change for the isobaric-isothermal system is calculated by
When the magnetization is measured at discrete fields and temperature intervals, the magnetic entropy change can be calculated approximately using the following numerical formula:
where M i and M i+1 are the magnetization values obtained at temperatures T i and T i+1 in a field H, respectively. As discussed by Provenzano et al., 7 the error in the calculated ⌬S m is about 1% or less for a field variation ⌬H = 5 T. For ⌬H = 9 T, the error in ⌬S m should not be much larger than 1%. Both the magnetizing and demagnetizing isothermals were used to calculate ⌬S m . for the respective magnetizing and demagnetizing processes at 5 T, which are much larger than 18 J K −1 kg −1 observed in NiMnSn alloys. 16 This value is similar to that observed in NiCoMnIn alloys. 25 The spike values for ⌬H = 9 T are 30.2 and 40.9 J K −1 kg −1 for magnetizing and demagnetizing processes, respectively, which are much larger than 13 J K −1 kg −1 observed in a similar alloy with Ni 46 Mn 41 In 13 composition. 27 This giant, positive ⌬S m must be associated with the field-induced weak-magnetic to ferromagnetic phase transition, which shifts the transition to lower temperatures. This field-induced magnetic phase transformation should also be accompanied by a magnetocrystallographic transformation as observed recently in similar alloys. 25 This crystallographic transformation changes the crystal lattice or the arrangement of the atoms in the crystal, consequently altering the exchange coupling of the magnetic atoms, leading to ferromagnetic coupling in the austenite phase. Since the giant, positive ⌬S m is a result of the field-induced first-order phase transition, its values have also been calculated by using the Clausius-Clapeyron equation,
where is the transformation temperature at field H and ⌬M and ⌬S are the difference between the magnetizations and the difference between the entropies of the two phases, respectively. The calculated values of ⌬S m at 9 T were also plotted in Fig. 3 as the stars, which is in reasonably good agreement with that calculated using the Maxwell equation.
Another very important feature in Fig. 3 is that at 315 K, ⌬S m changes its sign and drops to about 6.6 and 10 J K −1 kg −1 for ⌬H = 5 and 9 T, respectively. The negative ⌬S m is due to the fact that the alloy has a Curie temperature of 315 K, above which its magnetization decreases monotonically with increasing temperature. The RC values were calculated by numerically integrating the area under the ⌬S m ͑T͒ curve ͑Fig. 3͒ and taking the temperatures at which ⌬S m ͑T͒ is half of the peak of ⌬S m as the integration limits. 7, 26, 28 For the positive entropy change of ⌬H = 9 T, the RC values are 341 and 342 J kg −1 for magnetizing and demagnetizing processes, respectively. For the negative ⌬S m , the RC value is about 125 J kg −1 for ⌬H =5 T. The most important characteristic of the ⌬S m ͑T͒ curve shown in Fig. 3 is that the giant positive entropy change is followed by a significantly large negative entropy change with increasing temperature, which may strongly suggest that both the magnetizing and demagnetizing processes can be employed for cooling. As it is well known, a conventional ferromagnet or a conventional giant MCE material, in which the external field shifts the phase transition to a higher temperature, can only give rise to a negative or "normal" ⌬S m ͑T͒, and that only the demagnetization process can be utilized for cooling, if these materials are used as magnetic refrigerants. If both the magnetizing and demagnetizing processes can be utilized for cooling, the efficiency may be greatly increased because both processes consume energy.
The magnetic refrigerator based on the characteristic of the entropy change is schematically shown in Fig. 4 . The working principle ͑or process͒ is briefly described as the following. ͑1͒ Apply a magnetic field H S ͑=5 T͒ to the chamber that contains NiMnIn beads, cooling medium, and a heat exchanger that is connected to a thermal reservoir at tem- The entropy change as a function of the temperature under different magnetic field variations ͑⌬H͒. Calculated entropy change using ͑a͒ the magnetizing curves and ͑b͒ the demagnetizing curves. Since the crystal is in the paramagnetic state, the magnetizing and demagnetizing curves are identical, and some isothermals were measured only up to 5 T. The stars are the calculated entropy changes using the Clausius-Clapeyron equation.
perature T S ϳ315 K ͑isothermal magnetizing process͒. ͑2͒ Pump out the liquid from the heat exchanger and turn off magnetic field, which lowers the temperature in the chamber ͑NiMnIn beads and cooling medium͒ to T 1 ͑Ͻ315 K͒ due to the normal entropy change ͑adiabatic demagnetizing process͒. ͑3͒ Turn on the magnetic field H S again; the chamber will be further cooled to T 2 due to the positive entropy change in this temperature range ͑adiabatic magnetizing process or magnetic-field-induced phase transition͒. ͑4͒ Pump the cooling medium into the loading at T 3 ͑ϾT 2 ͒. ͑5͒ After the liquid absorb heat in the loading, pump the cooling medium back to the chamber. ͑6͒ Flow the liquid in thermal reservoir through the heat exchanger in the chamber to stabilize the temperature in the chamber to T S , ͑the materials transform into paramagnetic phase and the heat was brought away by the heat exchanger͒. ͑7͒ Turn off the magnetic field H S and repeat steps ͑1͒-͑6͒. It is clear that in one cycle, both magnetizing and demagnetizing processes are utilized for cooling, which will certainly increase the efficiency of the magnetic refrigerator and save energy. By tuning the composition, the martensitic transformation temperature can be adjusted to fit the requirement of the applications.
In summary, we have observed a giant, positive magnetic entropy change followed by a significantly large negative change with increasing temperature. This unique feature is due to that fact that a field-induced phase transition from the paramagnetic martensite phase to the ferromagnetic austenite phase is very near the Curie temperature of the ferromagnetic austenite phase.
